Abstract. The characteristics of the 29 vertical flow systems reported on by Rose and Dietz (2002) have been reevaluated based on 2 years additional experience and revised understanding of acidity. Data on several additional systems have been collected. If measured hot acidity is interpreted as net acidity that includes the effects of alkalinity (vs. net acidity = acidity minus alkalinity), many systems remove slightly less acidity and fewer VFS produce net alkaline water. Rates of acidity removal (g/m 2 /d) are somewhat lower, and the typical value is about 34 rather than 40 g/m 2 /d. If non-Mn acidity is taken as the critical parameter, the sizing parameter for non-acid effluent is about 35 g/m 2 /d. Systems with fine limestone in the compost do about twice as well and appear to be a solution for high-Al discharges.
Introduction
Vertical flow systems (VFS), typically consisting of a compost layer overlying a bed of limestone, also called vertical flow ponds (VFP), SAPS, and RAPS, have become a major method of passively treating net-acid mine drainage. To treat a given acid mine drainage (AMD) discharge, the VFS must be properly sized, designed and constructed. In order for these systems to be economical, they must treat the AMD for a life of 20 years or so with minimal maintenance expense (Rose, 2003) . Some systems have failed or declined in effectiveness (Ziemkiewicz et al., 2002) , so an evaluation of reasons for success vs. failure is desirable. Rose and Dietz (2002) compiled data on 29 VFS and presented data showing that an areal acidity loading of about 40 g/m 2 /day was typical of successful units, and that addition of limestone to the compost was beneficial. A conservative design guideline of 25 g/m 2 /d was suggested.
Previous work used net acidity as a measure of treatment effectiveness, and calculated net acidity as:
Net Acidity = Measured Acidity -Measured Alkalinity = (-)Net Alkalinity
It is now evident that acidity measured by Standard Methods (1995, 1998) or EPA method 305 is actually net acidity, because alkalinity is effectively titrated and subtracted from the acidity titration (Cravotta and Kirby, this volume) . Specifically, according to Standard Methods (1995 , 1998 , if the sample contains hydrolyzable bases or reduced cations (i.e., Fe 3+ , Fe 2+ , Al 3+ Mn 2+ ), the first step is to titrate to pH <4.0 with standardized H 2 SO 4 . An aliquot of H 2 O 2 is then added and the sample is heated to boiling, cooled, and then titrated with standardized NaOH to pH 8.3. The acidification converts all HCO 3 -to dissolved CO 2 , which is then driven off on heating so as to avoid counting dissolved CO 2 as acidity. The titration with base measures the contribution of Fe, Al, Mn and H + to acidity. The acidity is then calculated as Acidity (mg/L CaCO 3 ) = 50,000 (A x B -C x D)/S
where A and C are ml of standard NaOH and H 2 SO 4 , respectively, B and D are the normality of the base and acid, respectively, and S is the sample volume in milliliters. Subtraction of C x D amounts to subtraction of alkalinity from acidity, to give net acidity. If the value is negative, the value is to be reported as a negative number. The use of equation (1) is therefore incorrect if the Standard Methods acidity procedure is used. Acidity values of zero, commonly reported in the past when acidities are negative, are not useful as net acidities.
In view of the fact that most acidities measured on AMD in Pennsylvania are measured by the Standard Methods procedure, a major purpose of the present paper is to reevaluate the results of Rose and Dietz (2002) with this revised understanding. Note that the definition that Net Acidity = (-) Net Alkalinity is still used in the following. Also, in the remainder of the paper, acidity means net acidity unless stated otherwise.
At least 2 years more information has been accumulated on the performance of many of the systems discussed in Rose and Dietz (2002) , and data has been obtained on several additional systems. The acidity removal rates on these systems are added to the database, and the effectiveness and failure information on the systems are updated. Reasons for declines in effectiveness are discussed, as well as improved design features. Table 3 lists revised data on the previously reported systems. Net acidity has been calculated by the following procedure:
Compilation of Information
1. If a non-zero measured acidity value is available, then this value is used as a net acidity.
2. If the measured acidity is reported as zero (as has commonly been reported when acidity is actually negative), then net acidity is calculated as Net Acidity (mg/L CaCO 3 ) = 50(2C Fe /55.85 + 2C Mn /55 + 3C Al /27 + 10
where C is concentration in mg/L and Alk is measured alkalinity. Bridge. The rationale for using a factor of 2 for Fe is explained by Cravotta and Kirby (this volume). Hedin (this volume) also shows that this relation is reasonably accurate. For computation of non-Mn acidity, the Mn term in eq. 3 is set to zero, or the Mn contribution in eq.
Removal rate
3 is subtracted from net acidity.
For the 29 systems previously reported in Rose and Dietz (2002) , the average Fe, Mn, Al
and pH values reported in Table 2 of that paper have been used in equation (3). The areal acidity loading is calculated as
where Q is the flow rate, S is the water surface area of the VFP and A in is influent net acidity.
The water surface area is used rather than the compost or limestone area because satisfactory values for the latter dimensions were not available for many sites, and attempts to estimate them led to aberrant values. Similarly, the areal acidity removal rate is calculated as: These units seem to generate little alkalinity, as does the Hortert site with low influent acidity.
Other sites are "Normal". of the compost. In contrast, the Jennings ALD, treating the same water, plugged after 6 months (Watzlaf et al., 1994) . The design of fine limestone mixed with compost appears capable of successfully removing Al as well as Fe at rates much higher than normal sites.
Some spent mushroom compost contains small amounts of limestone when received.
However, the amounts are very small, because the limestone is added at rates of about 10 wt percent to only the top 5 cm or so of peat moss that caps the much thicker compost, according to staff at the Penn State Mushroom Research Lab. This small amount of limestone may be partly responsible for the initial high performance of some systems, but is inadequate for any long-term effect.
The Coldstream A and B sites also remove acidity at very high rates but do not have limestone added to the compost according to the designers (PA Bureau of Abandoned Mine Reclamation). A probable reason for the high effectiveness of these systems is the very low pH (2.5-2.7). The very low pH may prevent precipitation of Al until the water reaches very high P CO2 . This in turn promotes more limestone dissolution. The influent does contain 35-50 mg/L Al, and, as discussed later, the effectiveness of Coldstream A and B is declining, apparently due to Al coating of limestone after 5 years of operation.
The DeSale II sites also show an above average removal of acidity. No limestone was added to the compost at these sites (Slippery Rock Watershed Coalition, 2000) . However, these sites do have a much more closely spaced underdrain system designed to promote uniform flow through the system. It seems possible that this has enhanced the performance of these systems.
However, DeSale I, with a similar underdrain, lies below the regression line. As shown by Rose and Dietz (2002) , the acidity removed varies over a wide range, from about 50 to 360 mg/L for normal systems. Removal for the enhanced systems is up to 840 mg/L for the Coldstream systems. Note that even several of the "degraded" systems are removing more than 300 mg/L. These are systems with extremely acid inflow.
It is generally recognized that Mn is not removed in a VFS

Long-Term Performance and Changes in Effectiveness with Time
For 15 sites, monitoring information is available for both a pre-2001 period (Rose and Dietz, 2002 ) and a more recent period. The data are summarized in Table 4 . Performance is compared in Fig. 3 and 4. 
Problems Affecting Performance
A gradual decrease in performance is expected at VFS because of limestone consumption.
However, some systems have required major maintenance, have visible problems or large decreases in performance, or have largely ceased to treat. Table 5 summarizes available data on such situations, arranged in order of system age.
Iron Hydroxide Accumulation on Compost
At the Howe Bridge system, the oldest VFS, the water level in recent years rose to the point that about half the water was escaping through the overflow, and in 2002 the system was rebuilt (Fig, 5) . This large Fe accumulation arose because the influent was the high-Fe outflow of an 
Pipe Plugging
Pipe plugging is known to have affected two systems. At Jennings, the flow decreased markedly, but after partially excavating the system, it was found that precipitation of Fe oxide in the outlet pipe was the cause (Margaret Dunn, personal communication) . The Fe precipitation occurred where a small hole drilled to inhibit siphoning allowed ingress of air into the pipe. At Tangascootack, a major reason for near cessation of flow was growth of cattail roots into the submerged outlet pipe (Rose et al., this volume) . Pipe plugging with Fe oxides was also a major problem on the buried inflow pipe at Pot Ridge C, where high-Fe water from a small pond was carried in a 15 cm pipe across Paint Creek and several hundred meters to the treatment area.
Pipes involving oxidized water in the inflow and pond-to pond segments of systems should be avoided in constructing VFS with high Fe. Pipes should be used only in anoxic portions of systems.
Channeling of flow
Channeling or short circuiting of flow through the compost layer has been observed or inferred at several sites. Dye tests at Jennings suggest that most of the water flows down into the compost within a short distance, perhaps 5 m or less, from the inflow discharge (Peart and Cooper, 2000; Busler et al., 2002) . However, the present author thinks that further study is needed on these experiments to verify that the effect is not explainable by slow advance of the enlarging dye front. At Somerville, Demchak et al. (2001) report effects on redox boundaries that suggest greater flow in some areas of the compost. At Oven Run B1, flushing normally has released large amounts of red water in addition to gray water with Al precipitate. It was observed that the compost had been washed away from the area near the inflow pipe, and a manifold was added to distribute the water over the system (Pam Milavec, personal reported to have stopped flowing in about 6 months, and when excavated, showed that about 0.2 m at the top of the limestone bed was largely filled with white precipitate. The system was rebuilt, the flow to the system was cut in half, and the system is flushable (though the flushing schedule is unknown). The system appears to be removing considerable acidity at present, after several years.
At other systems, the problem from Al appears to be decreased effectiveness with time, rather than plugging. It was shown above that some systems decreased in acidity removal and in areal acidity removal rate with time. Also, the data of Watzlaf et al. (2003) and Rose et al. (this volume) indicate that less than 5% of the accumulated Al is removed by flushing, so this design does not seem to solve the Al problem.
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The Al coating tends to be gelatinous, with an open structure, so it probably does not prevent reaction, but possibly diffusion of reaction products Ca and HCO 3 through the coating is expected to slow reaction. In addition, precipitation of crystalline gypsum beneath the coating has been reported (Hammarstrom et al., 2003; Rose et al., this volume) . The gypsum may have a major effect on reaction rate because of its dense crystalline structure.
In view of the significant decrease in effectiveness caused by Al, construction of systems with limestone-amended compost may be a preferable alternative. In these systems, the fine limestone particles are completely replaced by Al and Fe precipitates, rather than being coated. (Table 4) . Numbers next to points are the number of years the site has experienced inflow.
Conclusions
The revised understanding of acidity leads to a slight decrease in the effectiveness of vertical flow ponds in terms of areal acidity removal rate, to a rate of about 34 g/m 2 /d compared to 40 g/m 2 /d previously indicated.
Addition of fine limestone to compost clearly increases the removal rate, and is a promising method for handling high-Al discharges.
Problems encountered at a few VFP's include Fe precipitation on top of compost, pipe plugging from several causes, channeling and decreased effectiveness due to Al coating of limestone. Systems with influent Al exceeding about 20 mg/L have experienced decreases in acidity removal. Complete plugging by Al precipitates appears to occur only at very high influent Al, but coating of limestone with Al precipitate tends to decrease reaction rate, and may be accentuated by precipitation of gypsum on the limestone beneath the Al coating.
